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CRITICAL REVIEW OF GLASS PERFORMANCE MODELING

by

William L. Bourcier

Earth Sciences Division
Lawrence Livermorc National Laboratory

Livermore, California

ABSTRACT

Borosilicate glass is to be used for permanent disposal of high-level
nuclear waste in a geologic repository. Mechanistic chemical models are
used to predict the rate at which radionuclides will be released from the glass
under repository conditions. The most successful and useful of these models
link reaction path geochemical modeling programs with a glass dissolution
rate law that is consistent with transition state theory. These models have
been used to simulate several types of short-term laboratory tests of glass
dissolution and to predict the long-term performance of the glass in a
repository. Although mechanistically based, the current models are limited
by a lack of unambiguous experimental support for some of their
assumptions. The most severe problem of this type is the lack of an existing
validated mechanism that controls long-term glass dissolution rates. Current
models can be improved by performing carefully designed experiments and
using the experimental results to validate the rate-controlling mechanisms
implicit in the models. These models should be supported with long-term
experiments to be used for model validation. The mechanistic basis of the
models should be explored by using modern molecular simulations such as
molecular orbital and molecular dynamics to investigate both the glass
structure and its dissolution process.



I. INTRODUCTION

The purpose of this report is to provide a critical summary of current work on the
development of chemical models for borosiilcate glass dissolution. When these models have
been sufficiently refined, they will be used to predict the rate of release of radionuclides from
borosilicate glass waste form stored in a high-level nuclear waste repository over long time
periods (10,000 years or longer). The models will also be used to determine whether the
calculated release rates are less than the maximum allowable release rates specified by U.S.
Nuclear Regulatory Commission Regulation 10 CFR 60. Experiments alone are insufficient to
satisfy these requirements because they cannot be performed over the extended time period (up
to tens of thousands of years) over which radionuclides will be released, and they cannot be
performed for the numerous sets of possible conditions anticipated for the repository site.
Simple extrapolations of short-term test results according to an empirical rule are not sufficient.
Although the identification of the important chemical processes taking plac; during glass
dissolution is best achieved through carefully designed experiments, an understanding of the
interactions and coupling of these processes is best achieved through modeling.

Successful extrapolation ol experimental data to conditions outside the range of what can
be measured demands a quantitative, mechanistic understanding of the complex chemical
processes taking place during glass dissolution. This is the fundamental reason why chemical
modeling is needed in the performance assessment of nuclear waste repositories. The
mechanistic chemical model for glass dissolution is also needed so that waste glass performance
can be coupled with the behavior of other repository materials also undergoing degradation by
reaction with groundwater. All these reactions are coupled by the interaction of a common
reservoir of water with each type of repository material. A mechanistically based glass
performance model is therefore essential for interfacing a glass dissolution model with
repository performance assessment models.

Glass dissolution models will also be used to link short-term tests of glass durabilitv
(performed as a quality control check on glass melter production) and long-term behavior of the
glass under repository conditions. By providing this link, such models will help resolve
fundamental problems that currently exist in our development of high-level waste forms: no
validated methodology exists that allows short-term performance tests to be used to predict
long-term glass performance. In fact, glasses of differing compositions may show one order of
durability in one type of performance test, but a different order of durability in an alternate test.
Currently, we cannot directly relate any durability test to the suitability of the glass waste form
for use in a repository. In fact, a glass composition that is optimum for one repository may not
be optimum for an alternate repository. Therefore, in developing glass waste forms and
optimizing them for any proposed repository, we should base predictions of their long-term
performance on both site-specific experiments and models of those experiments.

This report is one in a series of critical reviews of the literature on nuclear waste glass
performance. Together, these reviews will provide a sound data base to support the
qualification of nuclear waste glass for disposal. In this report, we first briefly summarize what
is known about the processes taking place during glass dissolution (Section II). Much of this
material is described in more detail in other reports in this critical review series. In this section
we only attempt to identify and define the important processes to which we refer later in the
discussions of model applications. We include in Section II an evaluation of the types of
experiments used in the development and application of glass dissolution models. The current
database of experimental results is lacking in some key areas. Most significantly, much of the
reported data is incomplete. In order to interpret experiments in terms of rates and mechanisms
and incorporate the results into a mechanistic model, the experiment must be fully characterized,
including solution, glass, and alteration layers. Too often, only a partial examination of the test



is reported. Further model development is highly dependent on carefully examined glass
reaction tests, and in particular on detailed analysis of the reacted glass surface layers.

In Section III, we review the major glass dissolution models. We discuss how several of
these models are applied to glass waste form dissolution tests. As will be shown, the models
most useful for predicting long-term glass dissolution in a repository environment share a
methodology. We discuss the assumptions behind this methodology and point out conditions
under which the models cannot be expected to perform well. We also describe some examples
of the application of mechanistic models to both waste glasses and natural glasses, and we
describe how factors such as glass composition, temperature, pH, radiolysis, unsaturated
hydrologic conditions, and secondary phase formation have been treated in the models.

Section IV provides a critical summary of work performed to date on performance
assessment calculations of borosilicate glass in potential high-level nuclear waste repositories.
We discuss current limitations of the various approaches and make recommendations as to how
the models can be improved.

We conclude in Section V with a summary of the current status of glass dissolution
modeling and a summary of recommendations for future work. This is work we believe will be
most effective in increasing our understanding of borosilicate glass dissolution and therefore
improving our ability to make long-term predictions of radionuclide release rates from a
repository.



II. BACKGROUND INFORMATION

More information on the details of the glass dissolution process are given in other
reports in this critical review series (see ANL-91/17 and ANL-93/45). The description here is
aimed at identifying the important features and processes which must be accounted for in
chemical modeling of glass dissolution. The compositions of glasses referred to throughout the
text are listed in Table 1.

A. Overview of Glass Dissolution Processes

Glasses are mctastable solids which over lime and in contact with water will partially
dissolve, forming crystalline and noncrystalline secondary solids and releasing some elements
into solution. Fortunately, in most aqueous systems, the transformation rates are not large. In
closed systems, the dissolution rate slows with lime; as the concentration of glass constituents in
solution increases, the affinity for dissolution decreases. In addition, the buildup of a hydrated
and less reactive surface layer may protect the glass and partially inhibit further reaction.

Table 1. Compositions of Glasses by Weight Percent of Oxides

Oxide

AI2O3
B2O1
BaO
CaO
CeO2
Cs2O
Fe2O^
FeO
K2O
LaoOi
Li2O
MgO
MnO
MoOi
Na26
NiO
SiO2
SrO
TiO2
ZnO
ZrO2

u3o8P2O5

Reference

SRL 165

4.08
6.76
0.06
1.62

--
0.07

11.3
0.35
--
—
4.18
0.70
2.27
—

10.8
0.85

52.8
0.11
0.14
0.04
0.66
0.96
0.29

[125]

JSS-A

4.9
14.4
—
4.0
0.9
1.4
2.9
--
--
0.9
2.0
—
—
1.7
9.8
—

45.2
—
—
2.5
2.6
0.5
—

[81]

PNL 76-68

0.7
9.3
0.5
2.4
0.9
0.9
9.3
—
—
4.1
—
--
0.04
!.9

13.9
_-

41.5
0.4
3.0
4.6
1.8

--
0.7

[70]

SRL 131

3.1
9.9
0.1
1.0
0.2
0.3

14.3
—
0.1
0.3
3.9
1.2
4.2
—
14.8
1.5

38.6
0.1
0.8
—
0.3
1.6
0.1

[70]

SRL 202

3.8
8.0
0.22
1.2

--
--
11.4
—
3.7
--
4.2
1.3
2.2
0.05
8.9
0.82

49.0
0.03
0.91
0.02
0.10
1.9

—

[24]

R7T7

4.9
14.0
0.6
4.0
0.93
1.4
2.9
—
—
0.90
2.0
--
0.30
1.7
9.9
0.73

45.5
0.33
--
2.5
1.7
0.54
0.28

[23]

CSG

11.7
8.43

6.0
—
—
—
—
—
--
—
—
—
—

18.2
—

55.7

—
—
—
—
—

[24]

Basalt
Glass

14
--

11
—
--
4
8
0.2
--
--

0.2
—
2.5
—

51
—
2
—
—
—
0.1

[10]



Glass reactions in aqueous environments are complex and depend on both glass
composition and solution chemistry. Many different glass dissolution tests have been performed
and a seemingly unlimited number of reaction mechanisms inferred. However, although the
reaction products and reaction rates are much different for glasses reacted under different
conditions, it appears that the same chemical processes are taking place under all conditions.
Differences in the appearance of reacted glasses are due to changes in the relative rates of a
common set of processes.

Figure 1 illustrates the major processes faking place during glass dissolution. The
reaction begins with water diffusion into the glass and alkali ion exchange. Evidence for water
diffusion comes from secondary ion mass spectroscopy (SIMS) and ion-probe profiling of
reacted glasses. The profiles show penetration of water in a surface zone generally less than
1 μm thick [1,2]. Ion exchange is indicated by the early, rapid release of alkalis relative to other
glass components that is commonly observed in glass dissolution tests [3]. A typical ion-
exchange reaction is

Na+

(glass) H + < - > N a +
(glass) (1)

in which Na + in the glass is released and replaced with H + . Hydration and ion exchange result
in the formation of two layers on the glass surface: an inner "diffusion layer," where
concentration gradients for alkalis and water are observed, and an outer, hydrated "gel layer,"
where network hydrolysis (breakage of Si-O-Si bonds) takes place (Fig. 2). The gel layer is
depleted in alkalis and boron and enriched in insoluble elements such as Al, Ca, Mg, and heavy
metals (e.g., actinides). The cations enriched in this layer tend to be those that form the most
insoluble oxide or silicate phases in the leachate. The combined thickness of the gel layer and
diffusion layer is commonly in the range of a few tenths of a micron to tens of microns,
depending mainly upon the duration, temperature, and pH of reaction.

J
Glass begins to
react with water

/gel layer
/ diffusion layer

Hydration and ion
exchange at the
surface.

Diffusion layer
thickens until rate
of diffusion of alkalis
equals rate of network
dissolution.

Diffusion layer maintains
constant thickness as
glass dissolves at steady
state. Secondary phases
continue to grow.

Fig. 1.

Glass Dissolution Mechanism
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Fig. 2. Cross Section through Typical Alteration Layer Forming on Borosilicate Glass
Surface during Early Stages of Dissolution

With time, some elements released into solution reprecipitate on the hydrated glass
surface and elsewhere as a variety of secondary phases. Water allows glass to react and
transform into a set of crystalline phases that are thermodynamically more stable. These phases
are commonly clays, zeolites, and metal oxides/hydroxides [4]. Water acts as a flux and allows
the glass to react at a measurable rate. Under anhydrous conditions, even glass compositions
that are relatively nondurable in water are stable for up to billions of years [5,6].

Either of the two primary processes of glass dissolution, network dissolution and ion
exchange, may be rate-limiting for the overall glass dissolution process. Note that in the
discussion of glass dissolution, the term "rate of ion exchange" refers to the rate at which the
species undergoing ion exchange diffuse through the altered glass surface layers. The ion-
exchange process itself is rapid. Evidence for diffusion of ions during ion exchange includes the
observed diffusion profiles of ions in the diffusion layer and the nonstoichiometric release of
ions in the early stages of leach tests [1]. Dissolution at the gel layer-solution interface is
indicated by the observable migration of the surface layer into the fresh glass [7,8] and by mass-
balance calculations combined with surface analyses [1].



Steady-state conditions are commonly observed during glass dissolution. Under these
conditions, the rates of water diffusion and ion exchange are equal to the rate at which the glass
network dissolves, and the diffusion layer remains approximately constant in thickness while the
glass dissolves away. The steady state is a consequence of positive feedback between the rates
of diffusion and the rate of network dissolution at the glass surface. For example, if the network
dissolution rate increases, then the diffusion gradients increase, causing the diffusion rate to
increase as well. A similar positive feedback exists to counter changes in the diffusion rate or
diffusion layer thickness.

Under steady-state conditions, the mass of secondary phases increases with time [9]. In
open-system (flow-through) experiments the rate of release of most elements is approximately
constant or slowly decreases with time. In closed-system experiments, the release rates decrease
more rapidly with time because of 'saturation" effects, i.e., the buildup of dissolved glass
species in solution (Fig. 3). Elemental releases from glasses in closed-system tests also show
nonstoichiometric behavior; some elements are released much more rapidly than others (Fig. 3).
Most of this nonstoichiomctry is due to the precipitation of the less soluble glass components as
secondary mineral phases, although a small part of it is accounted for by the formation of
alteration layers.

Nuclear magnetic resonance (NMR) spectroscopy shows that the network dissolution
reactions taking place in the gel layer are complex. Experiments on glass doped with ^ O show
that Si-O-Si linkages are both breaking and reforming [12]. Hydrolysis of the highly stressed
glass structure allows relaxation and removal of incompatible elements. The original glass is
transformed into a hydrous, silica-rich phase interspersed with local areas enriched in transition
and other heavy metals, such as actinides. The metals in these areas eventually crystallize into a
variety of solid phases or are released into solution. In some open-system glass dissolution

200

10 15 20
Time (days)

Fig. 3. Normalized Elemental Release (NL) from SRL 165 Glass Reacted in 0.003 molal
NaHCO3 at 150°C with a Surface Area-to-Volume Ratio of 0.01 cm"1 [10,11]



tests, the gel layer appears to serve as a transport barrier that limits the overall dissolution
rate [13]. However, in most closed-system experiments, elemental release data and electron
microscopic examination of the surface layers show that the overall reaction rate is not
controlled by diffusion of elements through the alteration layers [14-17]. Note, however, that
some recent Product Consistency Test (PCT) data [17] show a significant effect of surface layer
formation and possible diffusional rate control for some simple borosilicate glass compositions.

Recent NMR data have also shown that boron in waste glasses is clustered into boron-
rich regions [18]. Boron occurs in both three- and four-fold coordination with alkalis in a
sodium diborate-type structure. The high reactivity and solubility of these zones gives rise to
the relatively rapid release of boron from borosilicate glasses in leach tests.

There is a consensus that long-term glass dissolution rates are controlled primarily by
silica concentration in solution [13,15]. However, other dissolved species also affect glass
dissolution rates [7,19-25]. For example, the dissolution rates of silicate glasses are strongly
decreased in the presence of dissolved Mg, Pb, and Zn and strongly enhanced, under some
conditions, by dissolved Fe (see Section III.G.4). Likewise, anions such as phosphate and
sulfide are known to affect mineral dissolution rates and may likewise affect glass dissolution
rates. The effects of metals may be attributable to several processes depending upon the metal,
including the formation of surface complexes, the precipitation of a surface layer providing a
transport barrier, and the reaction of dissolved glass species with the dissolved metals causing
the precipitation of colloids or secondary phases that affect the glass dissolution affinity [22].
Other mechanisms are also possible. These types of effects are potentially important in
repository environments, where a variety of dissolved species will be present from other
repository materials. What remains unclear is whether dissolved species affect the reaction rate
through surface complexation, precipitation of secondary phases, saturation effects, or a
combination of effects.

In summary, a model for borosilicate glass dissolution must account for the following
processes: (1) kinetically controlled network dissolution, (2) precipitation or secondary phases,
(3) ion exchange of selected elements, (4) in some cases, rate-limiting diffusive transport
through a hydrous surface reaction layer, and (5) specific interactions between the glass surface
and dissolved cations and anions. A model that adequately represents this set of coupled
processes should be able to quantitatively predict observations of glass dissolution, including the
saturation effect (glass dissolution rates slows as dissolved glass species build up in solution);
the increase in pH that accompanies glass dissolution in closed-system tests; the variation of
glass dissolution rate as a function of glass composition; and rate-affecting interactions between
the glass surface and dissolved cations and anions. We will first look at examples of how the
five processes are incorporated into current models (Section III.D) and then critically review
modeling results from a representative set of applications (Section III.G).

B. Experimental Database for Glass Dissolution Modeling

Before experiments can be used to isolate and measure the parameters needed as input
into a glass dissolution model, certain information must be obtained. The same is true when
site-specific glass dissolution tests are to be used to validate a model. If all the key information
has not been collected, the tests cannot be used in model development or validation. To define
those needs, we first explain some chemical characteristics of the glass dissolution process. We
then show how this information can be used to identify the most important experimental
measurements for the purpose of developing a quantitative dissolution model.



In closed-system tests, soluble elements typically show parabolic release trends, i.e., the
release rate is initially high, then decreases and becomes approximately linear wiih time (Fig. 4).
This result has often been used as evidence for diffusion control of the reaction rate. Although
the early parabolic behavior may be due to initial rapid ion exchange and associated diffusion of
ions and water through a continuously forming diffusion layer [26], the later linear leaching
behavior is due to a surface dissolution reaction. Equations describing the two types of rate
control, diffusion control and reaction affinity control, were regressed on the silicon release data
shown in Fig. 4. The regressions show that the two mechanisms explain the release data equally
well [27]. For most glasses, the initial rate-limiting reaction is diffusion, which changes after a
few hours or weeks (depending on test conditions and glass composition) to surface reaction
control. Figure 4 clearly indicates that resolving this changeover will be difficult or impossible
and that curve-fitting of observed leaching trends to distinguish between the two mechanisms is
not conclusive.

The change in pH with time during leach tests reflects the complexity of the dissolution
process. In leach tests of simulated waste glasses with J-13 well water,* ion exchange of H + in
solution for alkalis in the glass initially causes the pH to rise. Dissolution of the alkali and
alkaline earth components of the glass also causes the pH to increase, as a result of reactions
such as

CaO(component in glass) + 2H+ = Ca2+ + H2O. (2)

However, for components such as alumina, the pH is decreased through the reaction

A1,O, +5H2O = 2A1(OH)4- + 2H+. (3)
z -'(component in glass) z "• '

Precipitation of secondary phases also increases or decreases the pH of the solution,
depending on whether the precipitation reaction consumes or releases acid. These dissolution
and precipitation processes give rise to a complex change of pH with time for unbuffered glass-
water systems. Generally, the pH increases steadily throughout the reaction, rising more quickly
at first.

This pH effect is important because open-system tests of borosilicate glasses have shown
that the glass dissolution rate is highly dependent on pH (Fig. 5). Therefore, it is critical to take
into account the pH of the leachate solution when comparing dissolution rates of different
glasses. This is particularly a problem when one tries to compare the relative durability of two
glasses in the same initial solution. Although relative durabilities can be determined for the
specific test conditions, the glass compositional effect cannot be clearly separated from the
effect of differences in solution chemistry that arise as the tests proceed. Reaction of the glass
generally raises the pH. Unless the pH is held constant or somehow controlled in the two tests,
comparison of the relative durabilities of the two glasses under those differing conditions is not
straightforward.

J-13 water is a representative groundwater from the proposed Yucca Mountain, Nevada,
repository site.



90

I
OH

(N

30

0
0

10

Affinit

1/2
Diffusion: rate=A+Bt
Affinity: rate=Ak(l-Q/K)

10
Time (days)

20 25 30

Fig. 4. Silica Release Data for SRL 165 Glass. The two curves are model results for glass
dissolution controlled by (a) diffusion rate and (b) matrix dissolution (affinity) rate
[27].

10

•I \ {

3 o.i

0.01-r

0.001
0

•Regression
SRL165

6 8
pH(70°C)

Fig. 5. The pH Dependence of Silica Release Rate from SRL 165 and Five-Component
Analogue (CSG) Glasses, as Measured in Open-System Tests



11

The pH issue is a problem for glasses tested under the conditions required by Materials
Characterization Center Test 1 (MCC-1) or PCT-type tests. For example, consider two glasses
having significantly different alkali contents that are being leached in distilled water. The
alkali-rich glass will undergo rapid ion exchange and raise the pH of the solution to a higher
value than will the alkali-poor glass. Because the intrinsic rate of reaction increases with
increasing pH under alkaline conditions (see Fig 5), the rate of glass dissolution will increase
for the alkali-rich glass. Thus, the dissolution rates of the two glasses are being compared under
conditions in which the effect of the solution composition on the glass dissolution rate cannot be
separated from the effect of glass composition. Moreover, in a repository environment, the pH
of the reacting solution may not be controlled by interactions with the glass waste form.
Instead, it may be controlled by the interactions of the groundwater with other repository
materials and the host rock. Under those conditions, the alkali-rich glass may be more durable
than the alkali-poor glass. Therefore, these simple types of glass dissolution tests cannot be
used alone to determine the necessary durability information and cannot be directly used in
model development, but they provide useful information regarding glass reaction mechanisms.

Good experimental data are clearly needed to refine the kinetic model of glass
dissolution and provide more fundamental information on the important chemical processes
taking place. With such information, it should be possible to project test results to repository
conditions by using a model. Site-specific experiments, i.e., those designed to simulate as
closely as possible the actual repository conditions, do not readily allow examination of the key
processes occurring during dissolution that give rise to the measured release rates of glass
components. Such experiments are too complicated, involve too many coupled processes, and
are subject to greater variations in results than more simple tests that allow direct input to model
development. However, site-specific tests are necessary for model validation.

The pH of the leachate is obviously a critical variable. A matrix of tests in which one or
more glass formulations are reacted under controlled pH conditions is preferable for model
development compared to tests where the pH is allowed to drift, i.e., to assume a value that
depends on test conditions such as surface area-to-volume ratio and glass composition.
Systematic data that isolate the effect of pH on dissolution rate can readily be used to constrain
glass performance in a repository.

Several aspects of the way the common leach tests (MCC-1 and PCT) are designed and
performed may be responsible for the variability in the test results that makes modeling more
difficult. The systems are not buffered in pH or Eh. As the glass dissolves, the pH and Eh are
allowed to drift and are controlled by the oxidizing atmosphere inside the vessel and
dissolution/precipitation reactions involving both glass and container materials. Unbuffered
solutions are particularly susceptible to relatively small amounts of accessory reactions, such as
corrosion. The influence of these reactions on the test results may obscure the more important
processes that will actually control glass dissolution in the repository. For example, modeling
of the dissolution of the stainless steel container [11] shows that oxygen fugacity will drop from
a value of 0.2 bars (atmospheric) to 10"^ bars with the reaction of only 20 mg of iron. The
change is large because the system is so poorly buffered in the redox state. Components that
have Eh-dependent dissolution reactions will be drastically affected by Eh changes of this
degree.

The standard MCC-1 static leach test [28] should require that in situ solution samples be
taken. As the procedure is written, test vessels aer to be removed from the oven and allowed to
begin to cool before samples are withdrawn. Quenching effects, including degassing (especially
of CO2 and the consequent pH change), and precipitation or dissolution of secondary phases
may occur. These changes are probably partly responsible for the high degree of variation in the
concentrations measured and for the fact that the tests of this nature show only poor
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reproducibility [3,29]. To avoid these problems, samples should be filtered and taken at
temperature (without any cooling and degassing) from corrosion-resistant containers such as
gold, Teflon, or titanium [30]. To understand the changing composition of the fluid phase
during leaching of the glass, it is essential to have accurate information on the concentrations of
all dissolved species which are actually present as aqueous species during the experiment. The
fluid sample must not include particulate, colloidal, adsorbed materials, or materials leached
from the container, gasket, or secondary precipitates dissolved during acidification. These
phases must eventually be accounted for in the total glass reaction process.

Another factor that must be considered in predicting glass performance is the chemical
conditions in the repository. Much of the available experimental data on glass corrosion is not
adequate in this regard, because these experiments focused on measurements of product
consistency, not glass performance in a repository. The chemical conditions in a potential
repository must be identified before glass performance can be predicled. However, these
conditions are dependent on the types of materials that will be present in the repository, and
those materials will be chosen depending on how they react with waste forms, such as glass.
The problem is clearly an iterative one and cannot be solved in a direct manner. The solution
requires a process where repository attributes are optimized concurrently with waste form
composition to maximize overall repository performance.
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III. GLASS DISSOLUTION MODELS

A. Overview

The long history of studies of glass/water reactions has yielded a massive amount of data
on all types of glass compositions, and many modeling approaches have been designed to
interpret these results. This section discusses the similarities among many of the more
successful approaches to the problem of predicting long-term glass dissolution rates in
repository environments.

The most widely used approach to modeling the dissolution of waste borosilicate glass
assumes a surface reaction control for the dissolution process and explicitly accounts for the
formation of alteration and secondary phases with feedback from the evolving solution
composition. Although diffusion takes place, it is assumed to not be rate-limiting and is
therefore not explicitly included in the model. This approach better accounts for the chemical
processes which dominate the long-term leaching of real waste glasses and is discussed in
greater detail in Section III.C.

B. Solid-State Diffusion Models

One category of glass dissolution model involves the solution of the diffusion equations
for a moving boundary layer, where the rate of reaction is controlled by water diffusion [31-34]
or ion exchange [35-38]. This approach originated in studies of dissolution of simple, relatively
nondurable glasses over short periods during which reaction rates are diffusion-limited and
unaffected by saturation effects. However, the dissolution rates of glasses with durabilities
typical of nuclear waste glasses are not well described by this type of model [31].

Another similar approach combines rate control by transport or ion exchange with a term
to account for the effect of a growing surface layer that provides a diffusion barrier for
subsequent reaction [39-42]. Still other approaches use various combinations of the above
processes to account for flow conditions and glass saturation effects as well [35,43-45].

Although these models may be applicable to some glass compositions, definitive
experiments [15,46] showed that glass dissolution rates for more durable borosilicate waste
glasses are essentially independent of alteration layer thickness. The alteration layer therefore
does not provide a rate-limiting transport barrier. Rather, the glass dissolution rates are
controlled almost entirely by solution composition, in particular, by dissolved silica
concentration and pH.

The diffusion models of glass dissolution are most applicable for modeling the earliest
stages of dissolution, when the surface diffusion layer is developing. They are also useful for
modeling nondurable glasses, such as alkali silicate glasses, in which the ion-exchange process
takes place quickly and proceeds to completion. However, although these reactions take place
during reaction of more durable borosilicate waste glasses, they are not the dominant processes
and do not control the long-term dissolution rates. They also do not provide for the formation of
secondary phases, which is the most important sink for most elements being removed from the
dissolving glass. These models will not be considered any further in this review.

C. Nonkinetic Reaction Path Models

Modeling of glass dissolution has also been performed by using reaction p#uh modeling
codes such as EQ3/6 [47-49], PHREEQE [50], and SOLMNEQ [51] (see work described by
Strachan, Bruton, Ebcrt, and Savage [29,52-55]). In the following examples, no explicit
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provision was made for glass dissolution kinetics. In these modeling simulations, glass reacts
with an aqueous solution at an arbitrary rate, and mineral precipitation/dissolution reactions are
evaluated during the reaction. The models do not predict the rate of glass-water reaction; it is
specified as input. The results predict the solubility-limited concentrations for elements that
form relatively insoluble secondary phases, such as the actinides.

As an example, EQ3/6 was used to simulate the reaction of SRL 165 glass with J-13
water [52]. A total of 10 g of glass was assumed to dissolve stoichiometrically into 1 kg of J-13
water in a closed system. The simulation results predict the concentrations of dissolved species
(Fig. 6a) and the types and amounls of secondary phases that form (Fig. 6b) as a result of the
reaction. Radionuclides and other glass components precipitate predominantly in the form of
oxides and hydroxides, together with carbonates, silicates, and phosphates. All known
secondary phases for which there is available thermodynamic data were considered in these
simulations. The database of minerals used was not restricted.

In contrast, in similar nonkinetic simulations [55] executed by using PHREEQE, the
treatment of minerals was constrained: PHREEQE used data from dissolution tests of SRL 131
glass to evaluate the saturation indices of all available mineral phases. In these simulations,
equilibrium solubility control is indicated by a close agreement between measured solution
concentrations and a calculated saturation state close to zero. For example, measured zinc
concentrations in solution are predicted well by assuming the solid p-Zn(OH)2 exists in
equilibrium with the system. A set of phases is chosen on the basis of this type of analysis and
used to constrain the reaction path simulation. This simulation applies to a relatively short-term
experiment. Long-term solubilities of released elements may be lower than the simulation
results because more stable secondary phases will nucleate and grow from metastable
precursors. For most scenarios, this type of simulation should provide solubility-limited
concentnuions and conservative maximum release rates of solubility-controlled radionuclides.

However, such models are not appropriate for soluble radionuclides because they do not
directly consider kinetics. Release rates for soluble radionuclides must be estimated by using a
kinetic model. These nonkinetic models are also limited by a current lack of knowledge as to
what secondary phases are likely to form over the long term. This information is not available
from short-term experiments: long-term or accelerated laboratory experiments and data from
natural analogues are needed.

The formation of more stable secondary phases, which is expected to occur at longer
times, would have two opposing effects on release rates of radionuclides. The transformation to
more stable phases lowers the concentrations of species in equilibrium with the solids. This
should decrease radionuclide concentrations. However, lowering the concentrations of species
in solution, especially silica, wiil increase the dissolu'ion rate of the glass waste form (see
Section III.D). This phenomenon has already been observed in some laboratory experiments
[56], where the dissolution rate has been observed to increase by more than an order of
magnitude after a year of reaction (Fig. 7). The formation of new types of secondary phases has
a complex effect on soluJion chemistry, such as the effects on solution pH. Careful
experimental and modeling work are needed to quantify predictions of this effect on the long-
term performance of glass waste forms.

D. Kinetic Reaction Path Models

Currently, the most successful long-term dissolution models for borosilicate glass
employ a laic equation consistent with transition stale theory. The rate equation is embodied in
a geochemical reaction-path modeling program that calculates aqueous phase speciation and
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mineral precipitation and dissolution. Early versions of these models ignore early, diffusion-
controlled dissolution behavior, which, for borosilicate waste glasses, is important only in the
very early stages of reaction. (It is more important for less durable glass compositions such as
alkali-silicates.) Diffusion in this case refers to solid-state diffusion of ions (H+ , alkalis)
through the partially hydrated diffusion layer, not diffusion of aqueous species through the more
hydrated and restructured gel layer.

The primary two features of glass dissolution that must be taken into account in models
are: (1) the change in reaction rate with time and (2) the nonstoichiometric release of elements
to solution (Fig. 3). As discussed above (Section II.A), the primary reason for
nonstoichiometric release is the precipitation of secondary phases or retention of elements or
phases within the gel layers. These phases selectively incorporate the less soluble glass
constituents, which therefore do not show up in solution analyses. The basis of ihe reaction path
model (such as PHREEQE, EQ3/6, etc.) is shown in Fig. 1. The glass begins to react through
ion exchange and hydration. A steady state is quickly reached in which the diffusion layer
maintains a nearly constant thickness and network dissolution controls the overall dissolution
rate. The mass of secondary phases and alteration products continues to increase with time.
Glass dissolution is stoichiometric from this point on, but the measured concentrations of
elements in solution will not appear to be stoichiometric. Concentrations will not normalize to a
constant value but will instead reflect the fact that precipitation of secondary phases affects
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some elements more than others. The reaction path codes are used to compute the aqueous
solution speciation and mineral saturation states. Supersaturated phases are allowed to
precipitate and maintain equilibrium between aqueous solution and precipitating solids.
Instantaneous precipitation is currently an artifact of the reaction path code, and a full treatment
of nucleation of phases and its effect on rate is currently not part of the codes.

1. The Rate Law

The rate law commonly used to model network hydrolysis, the assumed to
control the rate of glass dissolution, has the general form [57,58]

dn;
= A V i k rdt

(4)

where n[ = number of moles of species i in solution released from the glass,
t = time,

A = reactive surface area of glass,
vj = concentration of species i in the glass,
kr = rate coefficient for the rate-limiting reaction for glass dissolution,

J~[a~n = product of the activities (concentrations) of dissolved aqueous species which
j

contributes to the activated complex of the rate-limiting microscopic
dissolution reaction,

Af = reaction affinity, defined as RTln(Q/K), where Q i« the activity product and
K the equilibrium constant for the rate-determining glass dissolution
reaction,

a = a stoichiometric factor that relates the rate-controlling microscopic reaction
to the overall solid dissolution reaction (usually it is assumed o=1) ,

R = gas constant, and
T = temperature in kelvins.

The form of Eqn. 4 predicts that the dissolution rates of solids will have the following
characteristics: (1) the amount of solid dissolved will be proportional to exposed surface area,
(2) the dissolution rate will slow as the solution approaches saturation, and (3) the dissolution
rate will be constant under conditions far fror., saturation (Q/K « 1). An expression having this
general form is currently used in all of the major glass modeling computer code" (e.g.,
PHREEQE/GLASSOL [13,50J, EQ3/6 [47-49J, DISSOL [59], REACT [60], LIXIVER [61]).

This rate law implies that at equilibrium there is a reversible microscopic
dissolution reaction that is rate-limiting. However, because £lass is thermodynamically unstable
and cannot reach saturation, the overall glass dissolution reaction is clearly not reversible.
Therefore, when this rate law is applied to glass dissolution, it must be applied not to the overall
reaction, but to some rate-limiting microscopic reversible reaction.
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2. Application of the Rate Law

In the glass dissolution process, Eqn. 4 describes the rates of molecular reactions
between silanol groups (Si-OH) on the glass surface and aqueous species. At alkaline pH
values, the rate-controlling reaction probably involves hydrolysis of surface Si-0 bonds by
hydroxide ions [62J:

>Si-O-Si(OH)3 + OH" = >Si-O" + Si(OH)4 (5)

At neutral pH, when hydroxide ions are much less abundant, the rate-controlling reactant is most
likely water:

>Si-O-Si(OH)3 +H 2 O = >Si-OH+ +Si(OH)4; (6)

and at acidic pH values the hydronium ion

The u-shaped dependence of glass reaction rate on pH (Fig. 5) may be explained
in terms of these reactions. At low and high pH values, H3O+ and OH" are actively hydrolyzing
surface Si-0 bonds. At neutral pH, where H2O is the reacting species, rates are lower because
the rate of attack by uncharged water is slower than that of the charged hydroxide and
hydronium species.

Many of the parameters in Eqn. 4 are not known either from theory or frem
experiments, so that in practice the rate equation is simplified to

where the product term J~[a~n has been reduced to include only the pH dependence of the rate
j

coefficient, and the affinity expression is simplified and reexpressed in terms of the saturation
index (Q/K) of the dissolving solid and the fitting parameters r and a. This form of rate law is
commonly used as an expression to which experimental elemental release data are fitted; i.e.,
the values of k, K, r, and a are determined by regression of experimental data.

Current modeling codes may further simplify Eqn. 7. GLASSOL (see next
section) assumes no solution compositional dependence of k, which is assumed to vary only
with temperature. DISSOL, EQ3/6, LIXIVER, and REACT treat k as a function of both pH and
T. No models account for any further dependencies of k on solution composition as indicated in
Eqn. 7 above.

To use Eqn. 7 to predict glass dissolution rates, the Q/K term must be evaluated,
and to do that, an assumption must be made as to what phase becomes saturated. Several phases
have been tried, ranging from the initial unreacted glass composition [11,59] to the composition
of the alkali-depleted surface byer [63] to simple hypothetical silica phases [13,23,64,65]. It is
clear from these modeling studies that using the unreacted glass composition gives results that
deviate from experimental observations (sec Section III.E). However, the other two approaches
give comparable agreement with experiments (see Section III.F.i).
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Equation 7 has been used successfully to model the dissolution kinetics of
aluminosilicate phases [57,66] and some synthetic silicate glasses [67]. This rate equation
predicts that the dissolution rate will be a function of the surface area-to-volume ratio (SA/V), a
pH-dependent rate constant, and an affinity term, which decreases in size as the system
approaches equilibrium. The models incorporate the rate equation (Hqn. 7) into a general
reaction path program that provides for speciation of the aqueous phases, and precipitation of
secondary phases as they become saturated. Thus, the model accounts for both the control of
rate-limiting reactions on dissolution, and the effects of surface layer formation on solution
chemistry. Glass is allowed to dissolve stoichiometrically into solution at the rate determined
by the rate of matrix dissolution. Nonstoichiometry of release is accounted for by the
incorporation of elements into secondary phases and amorphous precipitates.

3. The Gramhow Model

The borosilicate glass dissolution model introduced by Bernd Grambow is the
most developed and widely used model for borosilicote glass dissolution. The model has
evolved and improved with time and has been described in several publications [13,68-70]. The
model is based on a simplified version of Eqn. 7 that includes only silica in the affinity term.
That is, the reaction affinity for glass dissolution is calculated by using only dissolved silica as
the value for Q, and K corresponds to a silica "saturation" value for a particular glass
composition at some temperature and pH. The actual rate equation used is

(8)

where R m is the rate of matrix dissolution, k+ is the rate coefficient, asiO2(aq) is the activity of
aqueous silica at the reacting surface, K is the glass saturation silica activity, and R final is the
final residur! "ate after silica saturation is achieved. The parameters k+ and K are usually
regressed from a set of experimental glass dissolution data. Both k+ and K vary with glass
composition, solution composition, and temperature. As yet, there is no methodology to
extrapolate these parameters to other glasses or test conditions significantly different from those
from which k+ and K were regressed.

During glass dissolution, the concentration of silica in solution is fixed by a
balance between the rate at which silica is released from the glass and the rate at which silica is
incorporated into glass alteration layers and secondary phases. Glass dissolution rates increase
as dissolved silica decreases. Precipitation rates of silica-containing secondary phases increase
as dissolved silica increases. Positive feedback between these processes causes the dissolved
silica concentration to reach a plateau at which dissolved silica is nearly constant with time.
Grambow has termed this plateau region the "silica saturation" level for the glass. It is clear that
the silica saturation level may be a function not only of glass composition, but also other
environmental parameters and in particular pH.

Experimental evidence suggests that under certain open-system test conditions,
the dissolution rate of some glasses is controlled by transport. In these tests, the dissolution rate
exhibits a maximum after a few days, which probably results from the formation of an alteration
layer that limits the overall rate of release of silica to solution. Under some conditions, transport
of dissolved silica through this layer is suggested as the mechanism controlling the overall rate
of glass dissolution. Grambow [13] has hypothesized that it is the transport of silica through the
surface alteration layers that is rate-limiting. The transport-limited rate is modeled by a simple
diffusion law:
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r t=-(as-ab)+» final- (9)

where rt is the dissolution rate, D is the diffusion constant, L is the thickness of the hydrous
alteration k.yer, (as . a^) is the dissolved silica concentration gradient across the layer from the
surface (s) to the bulk solution (b), and rf inaj is the "final rate," an experimentally estimated
empirical parameter to account for the observed finite rate of glass reaction even at "saturation,"
at which Eqn. 7 would predict a reaction rate of zero.

The dissolved silica rate control (Eqn. 8) is combined with this simple diffusion
rate control in the GLASSOL model [13]:

rm= k+

' D tv \
— x(K-a b u l k ) + rfin

— xK + k,
L

(10)

The model tests for whether the rate is controlled by transport or surface reaction and makes the
appropriate calculation.

These rate equations are embodied in the computer code GLASSOL. Aqueous
speciation and mineral saturation states are provided by an interface between GLASSOL and the
program PHREEQE [50]. The model can therefore account for secondary phase
precipitation/dissolution reactions as well as calculation of glass dissolution rates as the reaction
proceeds.

In closed-system tests, glass dissolution is rapid initially but slows with time as
the glass dissolves and dissolved glass species build up in solution. The early rate has been
called the "forward rate" and the later slower rate has been called the "long-term rate" by
Grambow. The forward rate corresponds to the rate when the affinity term (1 - Q/K) has a
magnitude near one, so that the rate does not slow as silica and other glass species build up in
solution. The long-term rate corresponds to the rate at longer time periods, when the affimiy
term is much smaller than one. The physical mechanism that determines the magnitude of the
long-term rate, which will presumably limit the rale of release of radionuclides to the
environment, is less well defined. This is one of the outstanding problems in models of glass
dissolution.

The Grambow model has been applied to numerous closed- and open-system
dissolution tests of a variety of glass compositions, including both waste glasses and natural
glasses, with varying degrees of success [13,23,59,68-85]. In most cases, the model predicts
measured trends and agrees with measured solution compositions to within a factor of two or
three. However, the model uses data obtained from the tests being modeled to determine the
values of fitting parameters in the model, such as the rate constant, final rate constant, silica
saturation value, and diffusion constant for silica through the surface layer. Fairly good
agreement is expected under these conditions, in which modeling parameters are obtained from
the experiment being modeled. All model parameters must, therefore, be determined for each
glass composition.

The Grambow model has also been extended to model glass dissolution in saline
brines [78,86]. The model has been incorporated into the EQ3/6 code [47] and uses Pitzer's
equations for calculating speciation in brines [87]. Calculations of solution pH and mineral
saturation indices are difficult in brines because of the limitations of current methods for



21

calculating thermodynamic properties of brines, in particular, pH. The results of glass
dissolution tests in Mg-rich brines are interesting because in contrast to dilute solutions, the pH
values in these tests decrease from around seven to values less than four. In dilute solutions the
pH rises. The model is successfully able to reproduce this trend. The pH decreases as a result
of the precipitation of Mg-rich alteration phases such as saponitc and Mg-zeolites [78].

4. Curti's Critique of the Grambow Model

Recently, Curti [72] has used the Grambow model to model dissolution of the
British MW glass in order to critically evaluate the model for use in performance assessment of
the Swiss high-level waste repository. Curti [72, p. 3] concludes that the model is not yet
suitable for safety analysis for the following reasons: "(1) the model neglects the potential
effects of diffusive transport and silica sorption in a bentonite backfill on the glass dissolution
kinetics; (2) the release of radionuclides can only be modeled assuming congruent dissolution;
and (3) the magnitude of the final rates of dissolution, the parameter defining the maximal
lifetime of the glass matrix, is still not known with sufficient precision."

Curti's first criticism has to do with the observation that the British MW glass
reacts to form a thick, silica-rich layer on the surface, unlike other glasses for which the model
was developed and applied. Without accounting for this silica layer, the model predicts "silica
saturation" much earlier than it actually occurs in experiments, and the model incorrectly
predicts a much slower dissolution rate than observed in experiments [72]. It was necessary to
add a fictitious silica phase to the PHREEQE database to account for this silica layer. The basic
problem is that the Grambow model has no capability to model the effects of glass composition
on the dissolution process. Early versions of Grambow's model used hydration theory to predict
glass composition effects [68], but that element was later dropped from the model because of
lack of success. Without some mechanistic basis to predict the type of alteration layer that will
be formed, one cannot expect the model to predict dissolution effects that depend on properties
of the glass alteration layer (see discussion of third criticism).

The second criticism is that the model makes the conservative assumption that
the rate of release of radionuclides will be limited by the overall rate of glass dissolution.
Although the assumption is valid in its conservatism, the model ignores that some radionuclide
leachate concentrations will likely be limited by low solubilities and will not be released at the
relatively high rate of glass network dissolution. It is conceivable that the geochemical model
PHREEQE could account for their lowered release rates, provided adequate thermodynamic
data were available for the solids into which they are incorporated. Current programs are in
place in several countries to obtain the necessary data. This criticism is valid for all glass
dissolution models, not just the Grambow model.

Of the three criticisms, the most significant is the third. The Grambow model
(and in fact all current glass dissolution models) do not provide a mechanistic basis for
predicting the long-term dissolution rate of glasses. In the Grambow model, the long-term rate
is a fitting parameter regressed to short-term, high SA/V test results (the high SA/V presumably
accelerates tests to equivalent long times). The model has no capability to predict how the long-
term rate may change as environmental parameters change during the lifetime of the repository.
The concept of "residual chemical affinity," an ad hoc term used by Grambow to justify adding
the long-term rate parameter (Rfinal m Eqn. 8) to his rate equation, has also been criticized [88]
by Petit et al. In their experiments, both powdered and monolithic glass samples were reacted in
a common vessel and showed a continuous slowdown in rate past the point where silica
saturation should have occurred and the rate should have remained constant. Petit et al. [88]
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conclude that the mechanism controlling the long-term rate is affected by other environmental
parameters and that the mechanism must include alkali concentrations as well as silica
concentration to explain their data.

5. Other Kinetic Reaction Path Models

A variation of the Grambow model was proposed by Bourcier et al. [11,63]. The
model differs from Grambow's mainly in that the rate of reaction is assumed to be controlled by
the dissolution affinity of the gel layer on the reacted glass. This replaces the simple silica
saturation concept of Grambow's model. The composition of the surface layer, determined from
SIMS or some other surface analytical method, is used to determine thermodynamic properties
of the layer. The layer is commonly depleted in alkalis and boron and fairly high in silica
content. Thus, the model is similar to Grambow's in that dissolved silica has a predominant
effect en the saturation state (and therefore glass dissolution rate) of the surface layer.
However, the model predicts other components of the alteration layer, such as aluminum and
iron, can also affect glass dissolution rates. The model is incorporated into the EQ3/6
geochemieal modeling code [47]. Results of using this model to predict short-term dissolution
rates of SRL 165 glass are shown in Fig. 8.

The thermodynamic properties of the surface layer are calculated on the basis of
a solid solution of amorphous and hydrous phases whose net composition is that measured for
the alteration layer. Phases such as amorphous silica, amorphous ferric hydroxide, and
amorphous aluminum hydroxide are used as components in the solid solution model for the
alteration layer. The free energy of the alteration layer, as determined by using the solid
solution model, provides the value of K in Eqn. 7. The advantage of this model is that it
provides a mechanistic basis to the calculation of "silica saturation" that is not available in the
Grambow model. The model can be tested by comparing measured glass dissolution rates with
the composition of the alteration layer to see if the model predicts the correct sequence of
dissolution rates. The model can therefore be used to make predictions of long-term dissolution
rates. Because compositions of alteration layers must be known to apply the model, some
assumptions must be made about how their composition may change with time. For all
applications reported to date, the composition is assumed to remain constant and identical to the
composition determined in short-term tests. Analyses of compositions from glasses in natural
systems could also be used to constrain the composition expected over long periods.

The gel layer model of Bourcier et al. [11] also uses a pH-dependent short-term
rate constant derived in independent open-system tests. Thus, neither the "forward rate" oi
"long-term rate" as employed by Grambow are retrieved from the data to be modeled; they are
determined independently. The model can therefore be used to predict glass dissolution rates
without requiring any parameters to be generated from the experiment being modeled. The only
input needed is the composition of the alteration layer and a way to narrow the suite of
secondary phases that form in long-term reaction. This semiselection of phases is required
because the data base for phase stability and formation is not refined to the point where it can
successfully predict which phases will form.

Another model used to simulate the dissolution of borosilicate waste glass is the
DISSOL model [89], which is conceptually similar to the Grambow model in that it couples a
reaction-path geochemieal modeling code to a first-order kinetics rate law. The model
incorporates a complex clay solid solution model, "CISSFIT" [90], to model the formation of
the abundant clay alteration phases that commonly form during glass dissolution.
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Area-to-Volume Ratio of 0.01 cra"l Lines are concentrations predicted by gel layer
glass dissolution model; symbols are experimental data. Predicted concentrations are
generated from starting solution composition, surface gel layer composition, and a
rate constant derived from the boron release data of this same test. Affinity in plot (d)
is equal to -RTln(Q/K), where R is the gas constant, T is temperature in kelvins, Q is
the activity product for the gel layer dissolution reaction, and K is the solubility
product for the gel layer. Affinity remains nearly constant during steady-state
conditions in which the rate of dissolution of the glass is approximately equal to the
rate of precipitation of secondary phases [11].
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Advocat et al. [59] describe the use of the DISSOL code in simulating R7T7
glass dissolution experiments carried out at 100°C for relatively short periods (up to 140 h).
Under these conditions, few secondary phases are likely to form that would complicate
interpretation of the reaction kinetics. 'TTie purpose of this investigation was to determine which
phase controls glass "saturation" and therefore the long-term dissolution rate.

Three models for the compositional dependence of the glass dissolution process
were tried by Advocat et al. [59]: (1) hydration theory, used to estimate the free energy of the
unreacted glass, (2) the gel model of Bourcier et al. [11] just discussed, and (3) the silica
saturation model of Grambow [68]. Hydration theory predicts that saturation effects will not
decrease the rate of glass dissolution. The thermodynamic stability of the glass as determined
with hydration theory is so large that the value of Q in the rate equation never approaches the
value of K, so the term (1 - Q/K) remains approximately equal to one. The results from the gel
model were similarly unsatisfactory in that dissolution rates higher than observed were predicted
[65]. The DISSOL model predicts that very stable clay phases will maintain very low
concentrations of dissolved iron and aluminum. If this is the case, the value of Q in the gel
model will be very small, and the affinity term will remain close to one. Experiments show,
however, that the concentrations of dissolved iron and aluminum are much higher than the
concentrations predicted by the clay thermodynamic model "CISSFIT" in DISSOL. If the
DISSOL model were modified to better account for the observed concentrations of dissolved Al
and Fe, the agreement of the gel model results with experimental data would be improved.

Advocat and colleagues obtained satisfactory agreement between the
experimental results for silicon, boron, and sodium and the model predictions by taking into
account only dissolved silica in the affinity term (i.e., the Grambow model). As a result of the
Advocat et al. analysis, however, it was found that the silica saturation value for the R7T7 glass
(K in Eqn. 7) varied with the SA/V for the test. K is therefore not a universal parameter related
to the glass composition, but varies with test conditions. Clearly, this result makes it
problematic to use this model to extrapolate glass dissolution behavior to repository conditions.
Also, the SA/V cannot be clearly defined for a repository.

The reason that K is a function of test conditions is that it is not an intrinsic
parameter for the glass, but simply a fitting parameter that accounts for the decreased
dissolution rate as silica increases in solution. The change in concentration of dissolved silica
over time during a glass dissolution test results from the balance between the rate of release of
silica from the glass and the rate of deposition of silica in secondary phases. The saturation
level of silica is therefore a complex function of the types and rates of precipitation of secondary
phases. It also will depend on factors that control the rate of release of silica from the glass
surface, such as the concentrations of dissolved metals, solution pH, and other factors. The
concept saturation that applies to a simple, stable, crystalline phase like calcite does not apply to
glasses. The incorporation of this concept in glass dissolution models leads to erroneous
interpretations of the glass dissolution data. These models will never succeed in predicting glass
performance in repositories because they cannot take into account the effects of coupled
reactions between dissolution of glass and other repository materials. Parameters derived from
fitting simple glass dissolution tests cannot be applied io repository conditions because these
parameters will change under these differing conditions [91].

In a separate model, Delage et al. [61] have combined diffusional transport of
silica and an affinity-based rate expression in the LIXIVER code. Their model is similar to
Grambow's model, but in addition it has the capability to include the pH dependence of the rate
coefficient and a more general treatment of secondary phase formation. In the LIXIVER model,
the thickness of the gel layer and the rate of silica diffusion through it control the concentration
of silica at the gel layer/solution interface, which they use for the value of Q in Eqn. 7. This
approach thus assumes that silica diffusion through the gel layer affects the concentration of
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dissolved silica at the gel/solution interface, thereby coupling the effects of silica transport and
affinity rate control. Values of the diffusion constraint for silica through the gel layer and the
"solubility constant" for the R7T7 glass were determined by applying the LIXIVER code to
static leach tests in distilled water at 90°C. Physically reasonable values for both of these
parameters were obtained.

One of the problems with models that incorporate a mechanism of rate control by
diffusion of aqueous silica through a gel layer is that neither a gel layer of the required thickness
nor an observable gradient in silica saturation are commonly observed on reacted glasses [92].
Delage et al. [61J do not report any analysis of the surface alteration layers in their application
of the LIXIVER model. They also do not report the layer thickness used in their model.
Although the assumption of ra;e control by silica diffusion through a gel layer is consistent with
some dissolution data, the model should be supported by experimental results consistent with
model values for the thickness of the gel layer and for the silica concentration gradient. This
information is needed to validate the model and is readily available through modern analytical
electron microscopy and SIMS. LIXIVER is used only to interpret the results of short-term
laboratory tests and is not meant for long-term prediction of glass performance.

E. Hydration Theory for Estimating Glass Durability

Hydration theory is a theory of glass durability that relates thermodynamic properties of
glasses to their dissolution rates as measured in short-term, closed-system tests [94-97]. Glasses
are metastable solids, and therefore they dissolve irreversibly. They do not have measurable
equilibrium solubilit.es. Therefore, the value of the solubility product (KSp) cannot be
determined for glasses from simple solubility measurements as is done for thermodynamically
stable solids. Instead, a thermodynamic model (hydration theory) has been developed and used
to estimate the thermodynamic properties of glasses. Note that hydration theory in the context
of this paper is not to be confused with the hydration theory of aqueous electrolytes incorporated
into EQ3/6.

Hydration theory treats glasses as solids composed of mechanical mixtures of silicate
and oxide components. The free energy of hydration of the glass is calculated from the sum of
the free energies of hydration of the components, each multiplied by the mole fraction of that
component in the glass. The hydration reaction is simply the dissolution reaction of the oxide
or silicate component written in terms of the dominant aqueous species. For example, the
hydration reaction for the calcium component (CaSiO^) is

CaSiO3 + 2 H + = C a 2 + + H2SiO3. (11)

Hydration theory has been successful in predicting the relative order of leach rates for a
variety of silica-rich glasses (Fig. 9) [95,97] with some qualifications [98]. Note that there is no
unique way to divide the glass up into components and that the choice of components is
arbitrary. The choice of components and the way the glass composition is divided up into those
components will make a difference in the resulting hydration free energy of the glass. The best
components will be those wiih elements whose coordination and bonding most closely match
the coordination and bonding of the same element in the glass structure.

In essence, hydration theory picdicts the stability of a glass on the basis of the relative
differences between the basic set of components and constituent ions in solution. The hydration
reactions for high field strength (and generally insoluble) cations such as Si, Al, and Zr have
unfavorable hydration free energies of reaction (Table 2). Low field strength (and generally
soluble) cations such as the alkalis (Na, Li, etc.) have relatively favorable hydration free
energies of reaction. Therefore, glass compositions with large concentrations of soluble
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and the Calculated Free Energy of Hydration for a Variety of Glass Compositions.
Data are corrected for the effect of pH on silica solubility (data from Jantzen and
Plodincc [95]).

components have relatively low calculated values for hydration free energy, and glasses with
high concentraiions of insoluble components have high calculated values for hydration free
energy. Therefore, glasses with high calculated hydration free energies are expected to be
durable, and the opposite is expected for glasses with low hydration free energies. The model
does not take into account the differences between the structure of the glass and the structures of
the crystalline components used in the model to estimate the hydration free energy.

Although there is a gross correlation between glass dissolution rates and hydration free
energy [94,95,97], apparently the relationship is not sufficiently accurate to allow quantitative
modeling of glass dissolution (see Section III.F.!). Note also that in Fig. 9, the data for the
waste glass compositions SRL 165 and PNL 76-68 show nearly identical values for the
hydration free energy, yet in short-term durability tests, the PNL 76-68 glass is much less
durable. The hydration free energy model fails to predict this difference. Although rarely
reported, plots of hydration free energy versus durability that are restricted to waste glass
compositions show better correlations with restricted data bases. Data points often fall more
than a log unit off the linear correlation. In other studies it has been shown that hydration theory
cannot predict the relative durabilities of borosilicatc glasses [99] and other simple glasses
[100]. Simple empirical regression models of glass composition versus durability have been
shown to provide correlations with experimental data that are equal to or better than those
provided by hydration theory [98].
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Tahle 2. Free Energies of Hydration for Glass Components (from [95])

Glass
Component Hydrated Spcciesa

Free Energy
of Hydration,
AG (kcal/mol) = Z/r2b Z/rb

Coordination
Number0

Cs2SiO3

K2Si03

BaSiO3

Na2Si03

SrSiO3 '

Li2Si03

CaSiO3

MnSiO3

FeSiO3

Ni3iO3

MgSiO3

B2O3

A12O3

A12O3

A12O3

uo3SiO2

Fe2O3

TiO2

ZrSiO4

Cs+, H2SiO3

K+, H 2Si0 3

Ba2+, H2Si03

Na+, H2SiO3

Sr2+, H 2Si0 3

Li+, H2Si03

Ca2+, H2Si03

Mn2+, H 2Si0 3

Fe2+, H2SiO3"

Ni2+, H2Si03

Fe2+, H2Si03

H3BO3

A1(OH)3

AIO(OH)
Al(OH)3(am)
UO2(OH)2H2O
H2SiO3

Fe(OH)3

TiO(OH)2

ZrO(OH)+, HSiO3

-46.820
-41.735
-30.570

-28.815
-24.400

-22.740
-16.116

-14.871
-14.609

-14.347
-13.888

-9.930
-7.73
-1.63

+3.040
-6.80

+5.590
+ 15.500
+ 15.990
+45.100

0.26
0.35
0.88
0.71
0.82
1.13
0.91
1.49
1.39
0.97
3.75
2.70
4.2
4.88
4.59
3.12

75.00
13.6
8.06

9.14
34.60

9.23
8.40
4.72

0.56
0.68
1.32
1.19
0.91
1.50
1.35
1.21
1.67
1.40
2.19
2.32
2.89
2.59
3.03
2.50

15.00
6.38
4.92

6.25
11.76
5.26
5.79
5.0

VI
VI
VIII
XII
VI
VIII
XII
VI
VIII
XII
viH
VIJI

VIi
VI
IV
VI
IV
IV
VI

VI
IV
IVH

VI
VI

aFor reactions written as RxOy + H2O = hydrated species.
^F = ionic field strength; Z = ionic charge; r = ionic radius.
C"H" and "L" refer to high spin and low spin states.

Because the free energy of hydration theory treats glasses as mechanical mixtures of
crystalline phases, the theory ignores both the enthalpy and entropy changes associated with
glass-crystalline phase transitions. It also ignores any clustering or phase separation that may be
present in the glass (see discussion of NMR results in Section II.A). Because the energy
associated with the glass-crystalline phase transition is approximately equal for aluminosilicate
glasses of variable composition [101], especially within the fairly narrow compositional range
that comprises the glasses used to demonstrate the validity of hydration theory, that term cancels
out and is not important for the purpose of generating correlation plots of hydration free energy
versus normalized mass loss in leach tests.
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The energy difference between a glass and a corresponding set of crystalline phases
having the same bulk composition is

AGg|ass_xta] = AHglass_xtaI -TASg lass_x ta l , (12)

where AG is the free energy of formation of the glass, AH is the enthalpy of formation of the
glass, T is the temperature in kelvins, and AS is the entropy of formation of the glass; "glass-
xtal" refers to the glass-to-crystalline phase transition. The enthalpy term is related to bonding,
bond distances, and ionic coordination and favors the crystalline phase. The entropy term
corresponds to order-disorder in the solids and favors the glass phase. High-temperature
calorimetric studies of aluminosilicate phases [101] indicate that enthalpies of vitrification
contribute more to AGgiass-xtal than the entropy differences between amorphous and crystalline
phases. Thus the crystalline phases are more stable than the corresponding glass by a few
kilocalories. The energetics of glass-crystalline phase transitions should be incorporated into
hydration theory to improve the calculation of glass dissolution affinities.

Another improvement in hydration theory could be achieved by taking account of the
clustering of boron into alkali-boron-oxygen enriched zones as observed in NMR investigations
(see Section II.A). The boron and alkali in these zones are highly soluble and will readily leach
out of the glass upon contact with water. If the zones occur as isolated patches in the glass, they
will not affect overall glass durability, other than to slightly increase the effective surface area
exposed to water. However, separation into boron-rich zones effectively modifies the
composition of the glass matrix, which controls overall glass durability. The glass matrix
becomes richer in silica and poorer in alkali and boron as a consequence of clustering. This
modified composition should be used in the correlation with durability rather than the bulk
composition, which is presently used. NMR data can be used to estimate the amount of boron
concentrated in the alkali- and boron-rich clusters. These data can be used to directly calculate
the composition of the matrix.

Finally, data from experimental determinations of glass durabilities snow thai there is no
absolute measure of durability. The durability order of glass will change as the type of test used
to measure durability changes (see Section II.A). Therefore, no single thermodynamic property
of a glass, such as that provided by hydration theory, can be expected to provide more than a
qualitative index of glass durability. Glass durability is not an intrinsic parameter related to
glass composition and structure alone. Improved hydration free energy models, or alternate
models that could replace this theory, are therefore not a useful goal of further waste glass
dissolution research. Efforts should instead be directed at developing mechanistically based
models and conducting experimental work designed to support these models.

Note that the thermodynamic database for hydration theory given by Paul [96,102] and
used by others [95,97] has a systematic error in the free energy data of about 12.3 kcal for all
silica and silica-containing solid phases and aqueous species when compared with the
CODATA tables [103] and more recent critical compilations of thermodynamic data [104].
Because this error has been incorporated into the database in an internally consistent way, it
does not affect hydration free energies. Reactions involving silica have the error on both sides
of hydration reactions, so it cancels out. However, error would result if data from Paul's
database were mixed with any other data that have correct silica values. The source of Paul's
thermodynamic data is not given, and the source of error therefore cannot be determined. A
more detailed analysis of this model will be given in the critical review of glass composition.
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F. Parametric Modeling Studies of Glass Dissolution

Here we review the methods used in models to account for the effects of glass
composition, solution composition, pH, temperature, and radiolysis on glass dissolution.

1. Effects of Glass Composition

To date, most studies directed at the effects of glass composition on glass
durability have not clearly separated the effect of glass composition from that of other
parameters, such as pH (see Section II.B). A few studies in which the compositional effect is
clearly isolated show that this effect on dissolution rate is complex. Adding aluminum to alkali
silicate glasses [105] increases glass durability by causing Na+ ions to shift from nonbridging
oxygen sites to charge balance at aluminum sites. This shift decreases the diffusion rate of
water through the structure, which also enhances durability. The eflccts of alkaline earth ions
on glass performance arc particularly complex [106] and may increase or decrease the durability
depending on pH and the cation added. Trotignon [107] looked at the dissolution behavior of a
range of systematically more complex borosilicate glass compositions, with complex results.

In some cases, closed-system leach tests of powdered glasses show that relatively
small compositional differences can give rise to large differences in glass durabilities [108,109].
A rapid increase in durability is observed in going from two to three weight percent of added
silica. The effect is explained b> Feng et al. [108] in terms of the influence of the added
components on the glass structure. Clearly trie types and amounts of metals added to the
borosilicate framework of waste glasses will affect the structure and may cause increased
transport rales through the glass, which will in turn affect dissolution rates.

An additional problem in relating glass composition to glass durability is that the
relative durabilities of glasses in short-term experiments may not correlate with their long-term
performance in a repository. For example, the SRL 165 glass is found to be more durable than
PNL 76-68 glass when reacted in liquid water. However, the reverse is true in hydration tests in
which the glasses are reacted in water vp.por [110]. Apparently, the composition of SRL 165
glass is more amenable to forming stable secondary phases, which precipitate on the glass
surface. The secondary phases act to keep the solution concentrations of silica and other species
low and therefore help prevent the glass from approaching saturation where the reaction raie
slows down. PNL 76-68 glass tends not to form abundant secondary phases in hydration tests.
The PNL 76-68 glass therefore reacts more slowly than the SRL 165 glass in vapor hydration
tests. Similar problems may arise in trying to relate short term glass dissolution tests in liquid
water to long-term repository performance in episodically saturated and unsaturated
environments.

The effect of glass composition on glass durability under repository conditions is
therefore a complex issue. The way that glass composition affects the glass dissolution rate is
difficult to isolate and quantify without the results of carefully designed experiments. Also, an
answer to the question of how glass composition affects glass reaction rates depends on
knowing what the rate-limiting reaction is and how it may change with environmental
conditions.

Some attempts have been made to incorporate glass compositional effects into
mechanistic glass dissolution models. For glass dissolution models based on the rate equation
called for by transition state theory, glass composition can affect the ra'o of glass dissolution in
three ways: (1) the rate constant (kr) may depend on glass composition; (2) glass composition
determines the composition of the alteration layer, which in turn is used in the affinity term
calculation and therefore affects the dissolution rate; and (3) the glass composition affects the
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types and amounts of secondary phases that precipitate, which in turn affect the concentrations
of species in solution and therefore the size of the affinity term in the rate equation. Models
based on these three principles are described below.

For the first case, Gram bow [68 J used hydration theory to calculate the glass
compositional dependence of kr, the rate coefficient (Eqn. 7). The hydration theory (or
determining glass durabilities had been used previously to correlate glass durability with an
estimated free energy of formation of glass. Although hydration theory provides an estimate of
the thermodynamic glass stability, hydration theory has not been directly used to predict glass
dissolution rates. To do that, it must be combined with a rate law that relates thermodynamic
stability to a dissolution rate.

In this case, Grambow [68] used hydration theory to calculate the glass
compositional dependence of kr by means of the expression

r (13)

where Ea is the activation energy for dissolution (determined experimentally), and AGj-is the
hydration free energy for the glass dissolution reaction as a function of reaction progress (£,).
The first term in Eqn. 13 (X exp(-Ea/RT)) is an Arrhenius term that accounts for the effect of
temperature on the rate constant. The second term (exp(-AGr(^)/RT)) corrects the rate constant
for the effect of glass composition. This approach has had limited success when dealing with
the compositional range of real waste glasses. It was eventually dropped from the Grambow
model and replaced with experimentally determined values for specific glass compositions [13].

For case two, an alternate approach to account for glass composition in the rate
expression was used by other workers [ 10,59]. In this approach, the effect of glass composition
was entered into the affinity term of Eqn. 7. With this approach, Q in Eqn. 7 corresponds to the
activity product for the dissolution reaction of the entire glass, and K is the equilibrium constant
for glass dissolution calculated using hydration free energy. Both Bourcier [10] and
Advocat et al. [59] added a term to the hydration free energy to correct for the mixing entropy of
the oxide components (see [59, p. 243] or [10, p. 12]. In both of these studies, it was found that
the hydration free energy term did not improve the models' ability to simulate experimental
measurements. In both studies, the rate of dissolution was not predicted to slow down as is
observed in experiments. The hydration free energy model predicts that the solution never
approaches saturation, so the affinity term has a value of one throughout the duration of the
simulation. The predicted reaction rate therefore remains approximately constant, in contrast
with experimental results, in which the rates slow down. Concentration versus time curves for
elements such as Si and B are predicted to be linear and increasing with time rather than
concave downward, as is typical for experimental results. In both cases, the models failed to
make accurate predictions of the effect of glass composition o;i glass dissolution rates.

It is clear thai, mechanistic dissolution/precipitation models have not yet matured
to the point that they are useful for estimating glass durabilities as a function of glass
composition. Although the theoretical foundations for the models [57,111] are well established,
uncertainties in our understanding of the dominant rate-controlling mechanisms as a function of
glass composition and environmental conditions make it impossible to rigorously incorporate
glass compositional terms in the equations describing glass dissolution. It may also be
necessary to include the effects of water content, glass structure (such as the existence of
percolation pathways), secondary phases, and perhaps other effects oi" glass composition on
glass reaction rates. Once the rate-limiting mechanisms are identified, and experiments are
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performed to quantify the effect of glass composition on the rate constant for glass dissolution,
it should be possible for the models to quantitatively relate glass compositional variation to
repository performance.

2. Effects of Temperature

Temperature affects dissolution rates in a complex way (see critical review of
Mazer [112]). Temperature affects dissolution behavior by increasing the rates of surface
reaction and diffusion to different extents [113,114]. The typical activation energies for
diffusion of water in glasses of about 20 kcal/mole [115] are greater than the activation energies
for surface reactions of 10-20 kcal/mole [66,116,117]. Therefore, higher temperatures will
increase the rate of water diffusion faster than the rate of surface reaction. This shift will favor
the formation of surface hydration layers in high-temperature dissolution tests [87].

A continuous spectrum of behavior exists between (1) solids with fast surface
dissolution rales relative to diffusion and (2) solids with slow surface dissolution rates relative
to diffusion. Diffusion refers to the rate of diffusion of species out of the glass through the
glass/water contact. Aluminosilicate phases leached in neutrr.l to alkaline pH solutions fall into
the first category. They seldom show thick reaction layers. However, bombardment by
energetic ion beams serves to disrupt the crystallographic structure and increase diffusion rates
through the surface layers [113]. When leached, these bombarded materials form thick
diffusion layers much like those of waste glasses. Most waste glasses also fall into the second
category because their surface dissolution rates are slow relative to their diffusion rates, and,
consequently, they develop thick diffusion layers when leached. For any given material,
therefore, dissolution may lead to variable thickness of surface hydration layers depending on
the glass composition, leachant composition, and temperature. In all cases, the same
fundamental processes take place, but coupling of these processes and changes in their relative
rates gives rise to seemingly complex differences in dissolution behavior.

Solution composition complicates the matter because the rate of surface layer
dissolution depends on solution composition, especially pH. At low pH values, high
concentrations of H + increase the diffusion gradients and therefore diffusion rates of H + .
Because silica solubilities are not affected by pH (at neutral to acidic pH conditions) the rate of
surface reaction is not increased. Thus silicate phases such as silicate minerals and borosilicate
glasses leached under acid conditions generate thick silica-rich leached layers depleted in
soluble components [116]. For silicate phases leached at high pH values, surface reaction rates
are high and surface layers are thin or nonexistent.

The temperature dependencies of kinetic processes are implicitly provided for in
netic reaction path dissolution models. The codes account for the effects of temperature on

mineral saturation states, glass dissolution rate coefficients, and changes in solution speciation.
Codes that couple transport by diffusion with surface reaction rate control also account for the
effects of temperature on the relative rates of the two processes. Temperature effects can be
provided relatively easily in glass dissolution models. The more difficult problem is performing
experiments that quantify these effects separately from other concurrent processes.

3. Effects of pH

When glasses are dissolved under constant pH conditions [116], the dissolution
rate as a function of pH appears as shown in Fig. 5. Rates are high at low and high pH values,
and low at neutral pH. Thus, in closed-system tests (such as MCC-1 [28]), although the
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dissolution rate slows as the pH rises, the intrinsic dissolution rate coefficient is increasing. The
effect of affinity (saturation) overcomes the faster intrinsic dissolution rate to slow the overall
process of glass dissolution.

This effect is accounted for in dissolution models by incorporating a rate
coefficient that is a function of pH [118]. The curve shown in Fig. 5 is regressed to an equation,
and that equation is included in the kinetic model employed in the reaction path program. The
effect of changing pH as a function of reaction progress is thus automatically accounted for in
the modeling.

The pH will also affect which types of secondary phases are likely to precipitate.
This effect is also accounted for in the reaction path programs. The programs automatically
evaluate the saturation indices for phases at each step along the reaction path. The changing pH
is therefore considered in predicting the sequence of secondary phase precipitates.

4. Effects of Secondary Phases

It is not currently possible to predict which secondary phases will form in glass
dissolution tests or to predict the rates at which they nucleate and grow. Although the most
thermodynamically stable phases can be predicted by running the reaction path programs, the
results rarely match the phases actually observed in the tests. Current modeling is usually
performed by using a restricted set of phases known to form in real systems [13].

One implication of the surface-reaction-controlled model is that precipitation of
stable secondary phases at some future time may decrease concentrations of some elements in
solution, such as silicon. A reduced silicon concentration should cause glass dissolution rates to
rise [10]. Therefore, as early metastable phases convert to more stable phases (Ostwald Step
Rule), glass dissolution rates may rise. Some experimental data exist that show such behavior
[56,82]. Alternatively, some glass compositions rich in aluminum tend to react to form
analeime as a secondary phase. Although the aluminum-rich glasses are intrinsically more
durable, analeime saturation maintains a relatively low dissolved silica concentration, compared
to tests of aluminum-poor glasses, which are not accompanied by analeime precipitates. Under
these conditions, the aluminum-rich glasses dissolve faster than aluminum-poor glasses [119].

However, it may not be necessary to know the exact identities of the precipitating
phases. Bourcier [27] compared results from two simulations, one that used secondary mineral
phases observed in tests and one that allowed the thermodynamically most stable phases to
form. The solution compositions were different in the two simulations, but the net effect on the
rate of glass dissolution was relatively .small. The Grambow model [13] predicts the dissolution
rate will be two times faster for the stable phase assemblage as a result of the lower silica
concentration. The model proposed by Bourcier et al. [11] predicts the rate will increase by
only 20%. The effect is smaller because that model assumes the dissolution rate is affected by
.11 the components of the gel layer, including iron and magnesium, which are at higher

concentrations in the stable-phase equilibrated solution. In both cases, the effect is not predicted
to be very large, a factor of two greater in one case and 20% greater in the other case.

A more important issue concerning secondary phases is the question of how
readily they incorporate radionuclides into their structures. Although some radionuclides are
known to partition strongly into the surface layers [20,120], do they remain incorporated into
the structures after these initially amoiphous phases crystallize into distinct phases with aging?
More work on the solubilities of radionuclides in host mineral phases is needed to address this
question.
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5. Effects of Radiolysis

Radiolysis of the local environment surrounding the glass waste form appears to
have little effect on glass durability (see ANL-93/45). The major effect is the formation of nitric
acid from gaseous nitrogen in the atmosphere [121]. Models for glass durability can readily
account for the effect of nitric acid on the pH and Eh of the local environment by adding some
flux of nitric acid and hydrogen peroxide into the system at a rate determined from theoretical or
experimental data on nitric acid and oxidant production rates. The effect is likely to be small
because of the much greater pH buffering capacity of other components in the system and, in
particular, of the host rock and glass waste form itself.

Possible radiation-induced structural damage to the glass does not appear to
significantly alter the leachability of the glass [122]. Any radiation damage induced in the glass
by a gamma radiation field is therefore not expected to affect the overall glass dissolution rate or
mechanisms as predicted by current models. Because glass is already a disordered phase,
radiation-induced defects and dislocations are not important for glass durability. The effects of
radiation on glass durability is discussed in more detail in ANL-93/45, Effects of Radionuclide

Behavior Decay on Waste Glass Behavior —A Critical Review, which is part of this critical
review series.

6. Effects of Surface Chemistry

Current models of aluminosilicate dissolution have shown that interpretations of
solid dissolution rates are simplified by incorporating surface chemistry in the analysis.
However, few current glass dissolution models include surface chemistry [7]. These effects are
specific to certain elements, such as the effect of dissolved Mg, Zn, and Pb to slow glass
dissolution rates. Figure 10 shows a variety of surface complexes that may exist on an oxide
surface and that may affect the kinetics of oxide dissolution.

Some attempts have been made to understand and model deviations in
dissolution behavior believed to be due to surface complex formation [7,22,88,123]. Explicit
provision for surface interactions may be useful to account for the coupled effects of glass with
other repository materials in performance assessment calculations. In addition, after thick
assemblages of reaction products accumulate, it is likely that the local chemical environment at
the glass surface will be different from that of the bulk solution [124]. It will be controlled by
surface complexation reactions in potential restricted channel ways near the glass surface.
Consequently, the rates of reaction will be influenced by the conditions of these localized
environments. The types of secondary phases that form will also be affected by this chemistry.
Surface chemistry clearly needs to be accounted for in our models.

When current kinetic parameters measured in the laboratory are extrapolated to
natural systems, they predict rates of reactions up to several orders of magnitude faster than
those observed in nature [125]. Several reasons for this discrepancy have been proposed:
(1) the minerals do not remain in contact with water or are cut off from water flow, therefore
affecting estimates of true reaction times; (2) the mineral surfaces are poisoned by adsorbed
species (for example, phosphate adsorbed on calcite surfaces drastically reduces its dissolution
rate); and (3) surface layers form on the mineral surfaces and protect the minerals from further
reaction. It is important to understand these points so that we know whether a similar slowdown
in dissolution rate is to be expected when comparing glass dissolution rates in the laboratory
with those in nature. Studies of natural analogues for glass (such as basaltic glass [126]) may
help in this regard.
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Fig. 10. Types of Surface Complexes Potentially Present at Glass-Solution Interface (modified
from Hayes [127]).
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G. Model Applications

In this section, we look at the results of applying glass dissolution models to experi-
mental results and to data obtained from natural systems. The purpose of modeling is to make
long-term predictions of glass dissolution rates under repository conditions. The first step in
validating a model is testing the model's prediction of short-term experimental results. A higher
degree of validation is achieved by demonstrating that the model is capable of accurately
predicting the results of a large variety of glass dissolution experiments in which parameters
such as temperature, SAfV, flow rate, leachate composition, and others are varied over the range
expected for a nuclear waste repository. The development of a model is therefore an iterative
process in which chemical and physical processes are added to the model or existing ones
modified to better predict the results of glass te^ts. Validation tests and dissolution experiments
continue until a satisfactory level of agreement is obtained.

1. Results from Applying the Gramhow Model

The most extensive validation test yet performed for a glass dissolution model is
the application of the geochemical modeling code GLASSOL to experimental data for the
glasses JSS-A, ABS-118, and R7T7 [88]. These glasses have been subjected to a variety of
dissolution tests over a SA/V range of 10 to 10,000 m'l ; in distilled water, silica-doped water
and granitic grouudwater; under static and open-system conditions; with and without bentonite
and magnetite; and for durations of up to one year. The GLASSOL code was used to simulate
these tests results on the basis of the rate laws given by Eqns. 8 and 9.

When using GLASSOL, model parameters are obtained from the set of test
results that are also used to validate the model. The forward rate constant (kr) was obtained
from Lie initial reaction rate from the low SA/V (10 nr*) tests because these are farthest from
.silica saturation and should therefore have the highest initial reaction rate. The silica saturation
constani (K) is obtained from the high SA/V tests, which are closest to silica saturation\ when
the reaction rate is slowest. The value of K regressed from the test data at 90°C (-2.93) is close
to the solubility product of cristobalile (-2.75), which is the silica polymorph most similar to
silica glass in structure. Cristobalite is the silica phase on the liquidus at the glass transition
temperature. The final rate (rrin) is also obtained from the highest SA/V tests. The diffusion
constant for silica through the gel layer is obtained from regression to data from open-system
tests These arc the four parameters GLASSOL needs to predict glass dissolution rates.
Figure 11 shows experimental data and model predictions of GLASSOL obtained by using this
set of parameters for (a) closed-system tests and (b) open-system tests at 90°C. The agreement
is good, within about 40% for boron and 20% for silica.

2. Modeling Unsaturated Test Results

At the Yucca Mountain potential repository site, the waste forms would likely be
exposed to dripping water. For that reason, an unsaturated test methodology was developed so
that the performance of glass waste forms could be predicted in this environment [110]. These
tests had previously not been analyzed by using the models developed for saturated
environments.

The results of using a reaction path kinetic glass dissolution model to simulate
the response of the SRL 202 glass to the unsaturated test conditions are reported in Bates et al.
[128]. The test consists of dripping a single drop (0.075 mL) every 3.5 days on top of a glass
wafer (13.5 cm^) secured in a stainless steel frame. If the water is assumed to contact the entire
glass wafer, the test has an effective SA/V ratio of about 18,000 m*1. In the modeling, it is
assumed that each drip contacts the entire glass surface for 3.5 days, then is completely replaced
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with a new drop. In a real experiment, some of the water probably falls off the glass before the
3.5-day interval is over, and the new drop probably mixes to some extent with the previous drop
on the glass surface.

The model predicts that after one year, about 3.5 mg of glass will have reacted to
form clays, zeolites, calcite, and uranophane (see Fig. 12). The predicted extent of reaction and
types of secondary phases are in good agreement with experimental results [129]. The model
also predicts that the pH of the drop, while on the glass surface, will initially rise to a value of
about 9.25 (from the starting pH of EJ-13 water of 7.8), then fall with time to a value near 9
after one year (Fig. 12b). This pH drop occurs because the glass surface becomes less reactive
with time as the glass reacts with successive drops. Note that the pH curve shown in Fig. 12b is
the pH of the drop after it has reacted for 3.5 days prior to being displaced by the next drop.
Figure 12c shows the predicted elemental concentrations of species in the drop as a function of
time. There is no way to compare these predictions with experimental data because the drop
cannot be sampled while in contact with the glass surface. It may be possible to compare the
integrated solution composition determined by adding up each predicted drop composition with
the composition of the residual solution in the vessel bottom at the completion of the run. This
has not yet been attempted.

3. Modeling Accelerated Rates

Data from static dissolution tests of borosilicate glasses have shown that after
several months of reaction at a relatively slow rate, glasses will suddenly begin to dissolve at
accelerated rates approaching the very high initial rate of reaction [56]. This effect occurs
preferentially in high SA/V tests. High SA/V tests are used to simulate long-term conditions
and to provide insight into glass dissolution rates and mechanisms expected over long periods.
It is therefore important to understand the underlying mechanism responsible for the accelerated
rates. Whether or not the observed rate acceleration process will affect glass in a repository
depends on the underlying mechanism.

Ebert et al. [56] observed that the onset of the accelerated rate coincides with the
precipitation of additional secondary phases such as the zeolite clinoptilolite. They suggest that
these phases are supersaturated during the reaction until some point at which they nucleate and
begin to grow. The growth of additional secondary phases will deplete the solution with respect
to dissolved glass species such as silica. This decrease will increase the value of the glass
dissolution rate through tlie affinity effect.

Modeling can be used to determine whether or not this is a viable process [128].
A glass dissolution model can predict the glass reaction rate, given the solution composition.
By giving the model the solution composition from botn before and after the onset of the
accelerated rate, we can determine whether the predicted change in reaction rate is similar to the
measured one. As noted previously, no jjlass dissolution model is capable of predicting accel-
erated reaction conditions. However, modeling can be used to evaluate potential accelerating
mechanisms. To evaluate the mechanism proposed by Ebert et al. [56], Bates et al. [128] used
results from Ebert's SRL 202 glass dissolution tests in which accelerated reactions rates were
observed.

i he SRL 202 dissolution test results from Ebert et al. [56] are shown in Fig, 7.
Up until 182 days, the glass is reacting slowly at what might appear to be its long-term rate.
The rate then increases to a value about 13 times faster than the rate exhibited up to 182 days.
The accelerated rate is nearly that of the initial rate measured in the first few hours of glass
reaction in highly undersaturated solutions.
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The model was used to compare the ratio of predicted glass dissolution rates
calculated by using measured solution data at day 91 (before acceleration) and day 504 (after
acceleration). The rate of glass dissolution is predicted by the model to be a function of pH and
dissolved silica concentrations. At day 91, the pH is 11.3 and total dissolved silica is
0.019 molal. At day 504, the pH is 11.9 and total dissolved silica is 0.054 molal. The increase
in pH from 11.3 to 11.9 causes the rate coefficient in the rate expression to increase by a factor
of 1.5 (on the basis of open-system experiments). The affinity term in the rate expression
increases by a factor of nine. Note that although there is more dissolved silica in the 504-day
sample than in the 182-day sample, the saturation state (Q/K) actually decreases because silica
becomes much more soluble at the higher pH values as a result of ionization and formation of
polymeric species. The two factors (rate coefficient and affinity term) combine to predict a rate
about 11.5 times faster than the rate measured at 182 days (Fig. 7). This agrees well with the
observed acceleration of 13 times.

Accelerated rates have been identified, and a potential mechanism underlying the
accelerated rates has been identified. The accelerated rate phenomenon is clearly important for
determining the suitability of the glass waste form for a high-level waste repository, considering
that rates increases of over an order of magnitude have been observed after reaction periods of
over a year. Most short-term tests have would not show this behavior because tie reaction is
terminated before the acceleration can be observed. Performance assessment calculations that
are based on the long-term rate measured under "silica saturation" conditions would be seriously
in error if they did not consider the potential for this accelerated rate.

4. Interactions with Other Repository Materials

Many experimental studies have looked at the effects of other repository
materials on glass dissolution rates: i.e., with tuff present [130-134], with iron or stainless steel
present [3,22,135-137], with bentonite present [137-139], with lead and other metals present
[21,131,140]. Good reviews of interactions between repository material and glass are found in
Werme et al. [84] and Bibler and Jantzen [134].

The modeling of these interactions has received much less attention. The
Grambow model has been used to simulate the effect of iron dissolution products on glass
performance [88]. They found that the increase in the dissolution rate of glass caused by adding
iron to the system was probably due to the precipitation of iron silicate phases or colloids that
effectively removed silica from solution. Alternatively, sorption of silica onto the iron oxides
could have taken place. The relatively high dissolution rates were therefore caused by the
lowering of silica in solution and the consequent increase in the affinity term in Eqn. 8. The
relatively poor performance of glass with iron present was not improved when bentonite was
added.

The effect of bentonite on glass performance was modeled by Grambow et al.
[141]. Bentonite can have either favorable or unfavorable effects on glass dissolution rates.
Modeling results suggested that the early increase in leach rate observed in experiments occurs
because it takes longer to approach to silica saturation when bentonite is present. Long-term
effects should be less significant. The rate of glass dissolution also is closely linked with the
amount of bentonite surface area available for ion exchange. Similar experimental and
modeling results involving bentonite backfill were obtained by Curti and Smith [138].

5. Application of Glass Dissolution Models to Natural Analogues

Interpreting the chemical evolution of glasses in natural environments is
inherently difficult because of the lack of key environmental data. For example, for naturally
occurring glasses, it is not known how long the glass was exposed to water, what the
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composition of the water was, and what the values of physical parameters such as temperature
and relative humidity were. Although in many cases, reasonable values can be assumed, these
assumptions will necessarily restrict quantitative application of chemical models. The goodness
of fit of a model is primarily constrained by the solution compositional data. These data are
obviously not available for natural analog sites. As a consequence, most applications of chemi-
cal models to natural glasses are restricted to attempts to predict the identities of secondary
phases found in association with the glass. The exceptions are modeling simulations of natural
glasses such as basalts in laboratory leach experiments [67,71,142].

Attempts to model glasses in natural environments include use of the GLASSOL
code [143,144], EQ3/6 [145], and DISSOL [146]. In most cases, reasonable agreement is found
between observed and predicted secondary phase assemblages, as long as some thermodynami-
cally stable phases are suppressed so that metastable precipitates can form. The modeling of
Crovisier et al. [146] also provided estimates of mass balances for altered basalt glasses in
Iceland and showed good agreement between model predictions and field observations.

6. Modeling the Release of Actinides

Most modeling efforts to date have been applied to the overall rate of glass
dissolution and have not dealt explicitly with the rales of release of radionuclides from the glass
waste form. The overall rate of glass dissolution provides a conservative maximum for the rate
of release of radionuclides; they can be released no faster than the glass itself breaks down.
Although there are numerous experimental studies of the rates of release of radionuclides from
glass [85,147-151], including comparisons with actinide solubilities as discrete phases
[152-153], there have been few attempts to incorporate these results into mechanistic models of
.glass dissolution. For any such attempt to succeed, better quantified information is needed,
particularly in the areas of (1) solubilities of actinides as trace and minor components in the
common clay, zeolite, and oxide alteration phases; (2) stabilities and formation rates of colloids;
(3) stabilities of actinide complexes; and (4) the sorption behavior of radionuclides onto mineral
surfaces including both colloids and alteration phases. Present geochemical computer codes
used to model glass dissolution are being enhanced to include provisions for these chemical
processes. Both better and more quantitative experimental data and computer code enhance-
ments are needed to allow quantitative predictions of specific radionuclide release rates from the
glass waste form. For many important radionuclides, however, this refinement of the modeling
capability may not be necessary. This would be the case if sin;ple bulk dissolution rates are
within the Nuclear Regulatory Commission limits.
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IV. REPOSITORY PERFORMANCE ASSESSMENT
CALCULATIONS FOR GLASS

Most current repository performance assessment models do not link a mechanistically
based glass dissolution model with mechanistically based durability models for other repository
materials. The one exception is the work reported by McGrail [93,154], which is discussed
below. Current performance assessment strategies are probabilistically based [155,156] and do
not rigorously take into account chemical and physical processes that will govern repository
behavior. Efforts to perform deterministic performance assessments are presently far from
being applicable [157-159]. Most calculations to date have assumed some simple glass
dissolution rates that are either constant [119,160], a function of temperature [161], solubility-
controlled [119,162], or controlled by exterior field mass transfer (diffusion-limited) [163].
Solubility-controlled release rates are not conservative. Experimental data for spent fuel
dissolution show that measured actinide concentrations can be orders of magnitude higher than
calculated values [153], a result possibly due to precipitation of amorphous and disordered
actinide phases or formation of colloids containing actinides.

None of these calculations mechanistically link chemical processes involving multiple
repository materials. There is no feedback to submodels for glass behavior that affects
subsequent glass dissolution rates. For example, as dissolution of stainless steel canisters takes
place, affecting solution pH and iron concentrations, no account is taken of how these changes
affect glass dissolution rates. Likewise, the response of glass to environmental changes induced
by dissolution processes will affect subsequent dissolution rates and mechanisms. Presently, we
have made minimal progress in quantifying glass performance under repository conditions
because in the United States these conditions still have not been completed defined. However,
the mechanistically based glass dissolution models can readily be interfaced to total repository
models once data and submodels for other repository processes become available.

Some recent work in this area has been reported by McGrail [93,154]. These studies
report the linking of a mechanistically based glass dissolution model with mass transport
(advective and diffusive) and probabilistic container failure models of the waste package. When
fully implemented, the modified AREST code [155] will be able to link chemical dissolution of
the waste package materials with dissolution of the glass waste form. This linkage is essential
for the calculation of meaningful estimates of radionuclide release rates for a repository.

Application of the coup1, d AREST code to potential repository scenarios [93] shows
that simpler models that assui.iw. solubility-controlled release of radionuclides are not always
conservative. Changes in solution pH and oxidation state in the vicinity of the waste form are
highly dependent on coupled chemical interactions between components of the waste package.
Calculated release rates of uranium from a glass waste form predicted using the coupled
chemical model may be higher than supposedly conservative solubility-limited release rates,
depending on the value chosen for the effective diffusion constant of uranium in the backfill
material. More work in this area is needed. On the basis of our current knowledge of the glass
dissolution mechanism, if a performance assessment model does not take into account chemical
parameters describing groundwater composition, such as pH and silica concentration, and their
changes due to reactions with repository materials, it cannot be used to make meaningful
predictions of radionuclide release rates from a repository.
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V. SUMMARY AND CONCLUSIONS

The major processes that take place during glass dissolution have been incorporated into
current glass dissolution models. These models provide reasonable agreement with experi-
mental observations under a limited range of test conditions. However, given the limited
number of tests that have been designed to isolate and quantify these processes, several
questions concerning a mechanistic model of glass dissolution remain to be answered.

A. Outstanding Problems

The most important problems of current models arise from three situations: (1) the
empirical nature of current glass dissolution models and the practice of obtaining model
parameters from the very experiments being modeled, (2) the lack of a precise definition of the
concept o." "silica saturation," and (3) the poor definition and quantification of long-term release
rate. These areas need to be addressed with additional experimental and modeling work and are
discussed in more detail below.

In current models, the same experiments are used both to regress model parameters (such
as rate constants and silica saturation values) and to validate the final model. A defensible
model must use parameters derived from experiments different from those used to test the
model. If similar experiments are used both to derive model parameters and test the model, it
follows only that the model is consistent with the data, not that the data prove the correctness of
the model. The more varied the set of experiments the model can correctly simulate, the more
confidence one can have in the model. Current modeling work can only predict a narrow range
of experimental results that are similar to the experiments used to generate model parameters.
This does not constitute validation of the models.

The ultimate chemical process responsible for controlling the long-term dissolution rate
has not been identified. The Grambow model includes the concept of "residual affinity," which
is used to explain why dissolution continues even after "silica saturation." This mechanism has
no physical basis and therefore cannot be quantified in the model, except as a fitting parameter
to short-term test results. The model proposed by Bourcier et al. [11] predicts the long-term rate
on the basis of the saturation state of the solution with respect to the surface alteration layer.
The model avoids the concept of residual affinity by making the implicit assumption that the
affinity effect (caused by the depletion of elements in solution due to secondary phase
formation) will always be much greater than any effect that arises because glass is an inherently
ihermo-dynamically metastable solid. In other words, the solution will never become saturated
with respect to the gel layer, so there is no need to try to describe how fast glass will dissolve
under conditions where the solution is approaching saturation. More work is needed to more
carefully define a long-term rate-controlling mechanism.

Actinides are assumed to be released congruently with glass matrix dissolution. In
reality, the actinide release rates may be lower because of solubility limits or because of the
incorporation of actinides into secondary phases that remain as part of the gel layer. The ability
to apply current models is limited mainly by the lack of good thermodynamic data for the
relevant phases and the identification of these phases. These data need to be incorporated into
existing geochemical reaction codes and used in model simulations.

Both nucleation and growth kinetics need to be added to the simulations. Present
modeling work assumes that secondary phases precinitate immediately upon reaching
saturation in solution. It is commonly observed that phases do not begin to precipitate until they
are sufficiently supersaturated that they can overcome any nucleation barrier to precipitation.
Also, precipitation rales are sometimes slower than the buildup in concentration of species, and
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precipitation kinetics must be added to the simulations to account for this. Although for some
long-term simulations it can be assumed that nucleation and precipitation kinetics barriers may
be overcome and that the system will equilibrate, it will be necessary to include these features in
a kinetic model to accurately simulate short-term experimental results.

Finally, experimental and modeling investigations of glass dissolution have ignored
bjological effects. The effects of microbes on the dissolution of natural glasses is significant
[164] and may affect not only the dissolution rate of the glass, but also the oxidation states and
therefore solubilities of radionuclides as they are released [165]. Microbial activity will also
increase the local abundance of organic acids [166] which are known to increase the dissolution
rates of silicate glasses [167]. Microbes have been identified in repository environments [168]
and are likely to remain active even in the most extreme conditions following waste emplace-
ment [169]. Future work must address important questions regarding the ability of
microorganisms to affect glass waste form durability under repository conditions.

B. Recommended Future Experimental and Modeling Work

1. Issues Needing Investigation

Simple, well-constrained, and interpretable experiments designed to isolate
individual mechanisms taking place during glass dissolution are needed as the foundation for
further model development. The vast majority of tests performed to date, while useful for
identifying and prioritizing important factors affecting glass dissolution, cannot be used directly
in developing a quantitative glass dissolution model. Additional experimental approaches are
needed to isolate individual processes taking place during glass dissolution. It would be
desirable to design experiments to investigate each of the following issues.

The Rate Coefficient as a Function of Temperature and Solution Composition.
Recent work has shown that the dissolution rates of solids depend on their surface chemistry
[170]. The overall rate of dissolution depends on the population of surface species adsorbed at
the solid-solution interface. Explicit provision for surface complexation should account for the
effects of pH, ionic strength, and solution composition on the rate constant.

The Nature of the Affinity Effect. One example of the affinity effect is the
observation that increasing the concentration of dissolved silica slows the glass dissolution rate.
Recent data show that dissolved aluminum has a similar effect but to a lesser degree [24]. The
form of the affinity expression in the rate law needs to be determined from experimental data for
which the affinity term can be calculated from available solution data. This information is
critical for predicting long-term glass leaching rates, when the affinity term dominates the rate
law. Other recent work has shown that an alternate numerical expression for the affinity term is
more appropriate for some glasses [171], although the mechanistic basis for this change has yet
to be established. More work is needed to further investigate the general applicability of this
revised form of the affinity expression.

The Effect of Glass Composition on Glass Durability. Leach experiments should
be combined with studies to obtain glass structural information from studies of unreacted and
reacted glasses [12]. Previous work has shown that glass durability is determined primarily by
the major glass components and is not measurably sensitive to substitution of minor and trace
components [24]. However, an exception to this general trend is the observation that small
amounts of zirconia can greatly increase durability [172]. Related to this topic is the known
tendency for some glasses to precipitate specific secondary phases in leach tests. For example,
high alumina glasses will alter to form analcime and maintain lower levels of dissolved silica
than glasses with lower alumina contents [119]. The lowered dissolved silica concentrations
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will increase glass dissolution rates. Although increased aluminum in the glass increases the
durability as measured in open-system tests, the precipitation of analcime (or other zeolites) has
the opposite effect and may decrease glass durability in a repository environment.

Accelerated Tests.. To predict long-term dissolution rates, it is clearly desirable
to have available experiments that validate predicted long-term performance. However, there
are no experiments that can faithfully simulate long-term behavior over short time intervals.
The best available methods are (a) to do tests at elevated temperatures, which accelerate
intrinsic reaction rates and (b) to do tests at high surface area-to-volume ratios, which increase
solution concentrations in proportion to the exposed glass surface area. For a variety of reasons
(see next section), neither technique can be assumed to faithfully simulate long-term behavior.
Likewise, natural analogues such as basaltic glass, although not tested under accelerated
conditions, provide information on glass reaction rates over repository-relevant periods, but this
information is limited by the lack of complete characterization of the system over time.

Understanding the Mechanism Responsible for Delayed Onset of Accelerated
Dissolution Rates. As mentioned in Section III.G.3, experimental investigations by Ebert et al.
[56] show that after over a year of reaction, glass dissolution rates abruptly rise by over an order
of magnitude. The mechanism responsible for this increase must be identified. It also must be
determined whether or not the mechanism will cause a similar rise in reaction rate under
repository conditions.

2. Types of Experiments Needed

On the basis of these five areas of need, we have identified the following classes
of experiments as those most critical for improving our current glass dissolution models.

Open-System Tests of Glasses in Continuously Stirred Reactors with Controlled
pH Levels. These tests should be designed to measure the rate constant for glass dissolution
over a range of temperatures, pHs, and glass compositions. These tests will provide the rate
constant as a function of pH and temperature under controlled conditions where no secondary
phase precipitation takes place that could complicate the interpretation of results. The measured
rate as a function of temperature can be used to determine the activation energy for dissolution.
Similar tests should be performed in pH buffer solutions doped with relevant cations and anions
to systematically determine the effects of dissolved species on dissolution rate. These tests
should be combined with surface titrations to characterize glass surface speciation. Surface
titrations shoula be a routine procedure in all glass dissolution experiments. The glass-solution
interface and the types of surface complexes present can be determined with these methods
(Fig. 10). Oxide dissolution rates are known to be affected by the types of surface complexes
present [173]. Additional tests should be performed in high-temperature circulating systems to
provide accelerated rate data and better constrain the rate coefficient as a function of
temperature.

Closed-System Tests of a Matrix of Glass Compositions with Controlled pH
(pH Stat). These tests should be designed to investigate the effect of glass composition on glass
dissolution rate under conditions where secondary phases are able to form (unlike the open-
:ystem tests above). These tests should be combined with nuclear magnetic resonance (NMR)
analysis of unreacted glasses to correlate glass structure and coordination with glass durability
as measured in both the open-system and closed-system tests. These tests should cover a wide
range of surface area-to-volume ratios (SA/V). Py using the pH stat technique, high SA/V tests
should scale with low SA/V tests when normalized using SA/V»t. High SA/V tests in closed-
system tests with free-drift pH do not scale because of early rapid ion exchange that causes high
SA/V solutions to react at higher pH values than low SA/V solutions [119]. Using high SA/V
as an accelerated test procedure is justified if all system parameteters are measured and the



45

reaction mechanism does not change. The closed-system tests should be extended to high
temperatures in pressurized autoclaves. These test results will provide accelerated test data and
will also allow the formation of larger and more crystalline alteration phases for
characterization.

Closed-System Tests with Controlled Solution Composition. Additional closed-
system tests should be performed in which stable secondary phases such as calcite, quartz, and
clays are added to control solution composition. Glass dissolution rates should change by a
predictable amount based on the imposed change in the affinity term in the glass dissolution rate
expression. The added mineral phases should control the solution composition to values
different than the concentrations measured in tests without added phases. The data from these
tests should help to define and quantify the affinity term in the rate expression. The predicted
effect of analcime on glass dissolution rate could be validated by tests having added analcime.

Molecular Simulation of Glass Dissolution. Finally, modern molecular
simulation methods should be applied to all aspects of the glass dissolution process. Molecular
dynamics simulations of glass structures may provide insight to maximize durability of glass
compositions. The effects on structure and bonding in the glass of adding specific oxides can be
calculated. Monte Carlo simulations of the type described by Dran et al. [174] may also help to
quantify the effect of glass composition on structure and durability. Other studies that should be
performed include simple molecular orbital investigations of glass surface speciation using
methods such as those presented by Lee et al. [175] and molecular dynamics calculations of
surface transport processes [176]. The results of these types of studies can be used to evaluate
various proposed rate-limiting mechanisms such as that shown in Fig. 13. These studies can
help constrain macroscopic glass dissolution models and support validation of proposed
dissolution mechanisms. The form of the affinity term in the rate equation can also potentially
be calculated from molecular orbtial theory [177].

In all cases, glass dissolution experiments should include a complete analysis of
both solid and aqueous phases. Too many experiments have been performed in which
incomplete characterization of either solids or solution phases has made interpretation of the
results ambiguous, both for mechanistic analysis of the results and for use of the results in
model validation. Future work to improve and validate glass dissolution models must include
experiments such as those described above, along with refinement and quantification of current
models. This work will be most effective if modeling and experimental work are closely
coupled.
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